Oxidative stress is strongly implicated in the progressive decline of cognition associated with aging and neurodegenerative disorders. In the brain, free radical-mediated oxidative stress plays a critical role in the age-related decline of cellular function as a result of the oxidation of proteins, lipids, and nucleic acids. A number of studies indicate that an increase in protein oxidation and lipid peroxidation is associated with agerelated neurodegenerative diseases and cellular dysfunction observed in aging brains. Oxidative stress is one of the important factors contributing to Alzheimer's disease (AD), one of whose major hallmarks includes brain depositions of amyloid beta-peptide (Aβ) derived from amyloid precursor protein (APP). Mutation in APP and PS-1 genes, which increases production of the highly amyloidogenic amyloid β-peptide (Aβ42), is the major cause of familial AD. In the present study, protein oxidation and lipid peroxidation in the brain from knock-in mice expressing human mutant APP and PS-1 were compared with brain from wild type, as a function of age. The results suggest that there is an increased oxidative stress in the brain of wild-type mice as a function of age. In APP/PS-1 mouse brain, there is a basal increase (at 1 month) in oxidative stress compared to the wild type (1 month), as measured by protein oxidation and lipid peroxidation. In addition, age-related elevation of oxidative damage was observed in APP/PS-1 mice brain compared to that of wildtype mice brain. These results are discussed with reference to the importance of Aβ42-associated oxidative stress in the pathogenesis of AD.
Introduction
Amyloid β-peptide (Aβ) is the main component of senile plaques, which are a pathologic hallmark of Alzheimer's disease (AD) brain [1] . Our laboratory, along with others, suggested that Aβ neurotoxicity is mediated through its ability to produce free radical oxidative stress, including protein oxidation and lipid peroxidation [2] [3] [4] [5] . Presenilin is part of the γ-secretase complex, which together with β-secretase cleaves the Aβ peptide from amyloid precursor protein (APP). Mutations in APP, presenilin-1 (PS-1), and presenilin-2 (PS-2) genes lead to altered metabolism and increased production of amyloidbeta [Aβ ] [6] [7] [8] [9] [10] and have been shown to cause familial AD (FAD).
Several studies on the levels of oxidatively modified biomacromolecules such as proteins, lipids, DNA, and RNA in AD and MCI strongly suggest that oxidative stress plays a role in AD [2] [3] [4] [5] . Oligomeric Aβ is likely the cause of memory dysfunction [11] . These findings are consistent with the notion that aggregation of Aβ plays an important role in the development of AD. However, the precise mechanism of pathogenesis in AD is still unclear. In order to determine if in vivo production of Aβ leads to oxidative damage, APP/PS-1 double mutant human knock-in mice were used in the current study. APP/PS-1 mice had elevated levels of Aβ , sufficient to cause Aβ (1-42) deposition (without overexpression of APP) beginning at 6 months of age [12] and had normal expression of PS-1 mRNA [12] . The regional distribution of Aβ deposition was similar in the APP/PS-1 mouse and in AD [12] . The early progression and regional distribution of Aβ deposition were also remarkably similar for the APP/PS-1 and Tg2576 mouse [12] . We reasoned that with increased age, Aβ production in APP/PS-1 mice would lead to increased oxidative damage relative to brain from wild-type mice (Table 1) .
Methods

Animals
The APP/PS-1 mice used in this study are the APP NLh /APP NLh X PS-1 P264L / PS-1 P264L double mutant mice generated by using the Cre-lox knock-in technology to humanize the mouse Aβ sequence and to create a PS-1 mutation identified in human AD [13, 14] . All mice used in this study were males. These mice were maintained on a CD-1/129 background. All mice were maintained on a 12-h light: dark cycle in Bioclean units with sterile-filtered air and provided food and water ad libitum. All protocols were implemented in accordance with NIH guidelines and approved by the University of Kentucky Institutional Animal Care and Use Committee. The body weights of the old mice ranged from 32 to 35 g and of the young mice from 19 to 24 g. Following euthanasia with CO 2 , the brain was removed quickly, weighed, and snap-frozen in liquid nitrogen prior to analysis. Five animals/age groups (1, 2, 3, 6, 9, 12, and 15 month old) for both wild-type and APP/PS-1 double knock-in mice were used in this study. The selection of the above age groups in this study was chosen to accommodate a wide range of ages that bracket Aβ deposition and neuritic plaque formation [12, 59] , with implications to protein oxidation and lipid peroxidation.
Sample preparation
The brain samples were homogenized in lysis buffer (10 mM Hepes, 137 mM NaCl, 4.6 mM KCl, 1.1 mM KH 2 PO 4 , 0.6 mM MgSO 4 ) containing protease inhibitor leupeptin (0.5 mg/ml), pepstatin (0.7 μg/ ml), trypsin inhibitor (0.5 μg/ml), and PMSF (40 μg/ml). Homogenates were centrifuged at 15,800g for 10 min to remove debris. The supernatant was extracted to determine the total protein concentration by the BCA method (Pierce, Rockford, IL).
Measurement of protein carbonyls
Protein carbonyls are an index of protein oxidation [15] . Samples (5 μl) were incubated for 20 min at room temperature with 5 μl of 12% sodium dodecyl sulfate (SDS) and 10 μl of 2,4-dinitrophenylhydrazine (DNPH) that was diluted 10 times with phosphate-buffered saline (PBS) (pH 7.5) from a 200 mM stock. The samples were neutralized with 7.5 μl of neutralization solution (2 M Tris in 30% glycerol). The resulting sample (250 ng) was loaded per well in the slot-blot apparatus. Samples were loaded onto a nitrocellulose membrane under vacuum pressure. The membrane was blocked with 3% bovine serum albumin (BSA) in PBS containing 0.2% (v/v) Tween 20 (wash blot) for 1 h and incubated with a 1:100 dilution of anti-DNP polyclonal antibody in wash blot for 1 h. After completion of the primary antibody incubation, the membranes were washed three times in wash blot for 5 min each. An anti-rabbit IgG alkaline phosphatase secondary antibody was diluted 1:8000 in wash blot and added to the membrane for 1 h. The membrane was washed in wash blot three times for 5 min each and developed using Sigmafast tablets (BCIP/NBT substrate). Blots were dried, scanned with Adobe Photoshop (San Jose, CA), and quantitated with Scion Image.
Measurement of protein-bound 4-hydroxy-2-trans-nonenal (HNE)
Reaction of superoxide radical ion with nitric oxide results in the formation of peroxynitrite [15] , which in the presence of CO 2 leads to nitration of tyrosine residues [16, 17] . Lipid peroxidation results in formation of HNE [18] . Levels of protein-bound HNE were quantified by slot-blot analysis as described previously [18] . Anti-HNE antibody raised in rabbit was used as the primary antibody (5:1000 dilutions). The membrane was developed using Sigmafast tablets (BCIP/NBT substrate). The blot was dried, scanned with Adobe Photoshop, and quantitated with Scion Image (PC version of Macintosh-compatible NIH Image) software.
Measurement of 3-nitrotyrosine (3-NT)
The sample (10 μl) was incubated with 10 μl of modified Laemmli buffer containing 0.125 M Tris base, pH 6.8, 4% (v/v) SDS, and 20% (v/v) glycerol. The resulting sample (250 ng) was loaded per well in the slotblot apparatus. Samples were loaded onto a nitrocellulose membrane under vacuum pressure. The membrane was blocked with 3% (w/v) BSA in wash blot for 1 h and incubated with a 1:2000 dilution of 3-NT polyclonal antibody in wash blot for 90 min. Following completion of the primary antibody incubation, the membranes were washed three times in wash blot for 5 min each. An anti-rabbit IgG alkaline phosphatase secondary antibody was diluted 1:8000 in wash blot and added to the membrane for 120 min. The membrane was washed in wash blot three times for 5 min and developed using Sigmafast tablets (BCIP/NBT substrate). Blots were dried, scanned, and quantitated with Scion Image (PC version of Macintosh-compatible NIH Image) software.
Statistics
Data are presented as the means ± SEM. One-way ANOVA was used to determine the effect of age on oxidative stress in the brains of wildtype mice. Where necessary, Fishers PLSD was used for post hoc comparisons (by Statview software) to determine the effect of genotype (i.e., wild type and APP/PS-1) as a function of age to test whether there was a significant interaction between these variables. P values of b0.05 were considered significant.
Results
Increased oxidative stress in the wild-type mice brain as a function of age Whole brains from 1, 2, 3, 6, 9, 12, and 15-month-old wild-type mice were used for studying oxidative stress parameters by measuring the levels of protein carbonyls, protein bound HNE, and 3-nitrotyrosine. Brains from the 1-month-old age group were taken as a control and the brains from mice of different age groups (as noted above) were compared with control. The results suggest that there is a significant gradual increase (approximately 20% at 2 and 3 months, 40% at 6 months, 70% at 9 months, 90% at 12 months, and slightly more than 2-fold increase at 15 months) in protein carbonyls, proteinbound HNE, and 3-nitrotyrosine ( Fig. 1 ) in whole brains from wildtype mice as a function of age. Increased protein carbonyl levels in the brains of APP/PS-1 mice brain as a function of age
Protein carbonyls are elevated in vulnerable regions of AD brains [19] [20] [21] [22] , in brains of APP/PS-1 double mutant mice [23] , in APP/PS-1 mice neuronal culture [24] , and in brains treated in vivo with Aβ (1-42) [25] . In the current study, a comparative analysis of protein oxidation indexed by protein carbonyls was carried out with brains from wild-type and APP/PS-1 mice as a function of age. APP/PS-1 double mutant mice brain demonstrated a basal significant increase (40%) in oxidative stress compared to wild-type mice brain indexed by protein carbonyls (Fig. 2) . That is, at 1 month of age, brains from APP/ PS-1 mice have elevated protein oxidation compared to wild type. At each mouse age subsequently investigated, elevated protein carbonyls were found in brains from APP/PS-1 mice compared to controls (Fig. 2) . The percentage increases in protein carbonyls in the brain of APP/PS-1 mice compared to controls (1-month-old wild-type mice) were 40, 60, 110, 120, 160, and 175% at 2, 3, 6, 9, 12, and 15 months, respectively.
Increased protein-bound HNE levels in the brains of APP/PS-1 mice brain as a function of age Lipid peroxidation indexed by HNE is elevated in AD brain [4, 18, 26, 27] . A comparative study on oxidative stress parameter assessed by protein-bound HNE was carried out in the wild-type and APP/PS-1 mice brain as a function of age. As with protein carbonyls noted above, human APP/PS1 double mutant knock-in mice brain demonstrated a basal significant increase (40%) in protein-bound HNE levels compared to those in wild-type mice brain (Fig. 3) . At each subsequent age examined, elevated protein-bound HNE was observed in APP/PS-1 double mutant mouse brain compared to wild-type mouse brain. The percentage increases in HNE in the brains of APP/PS-1 mice compared to controls (1-month-old wild-type mice) were 40, 50, 100, 120, 160, and 175% at 2, 3, 6, 9, 12, and 15 months, respectively. Fig. 1 . Increased oxidative stress in the brains of wild-type mice as a function of age: Protein carbonyls (plain bars), protein-bound HNE (gradient bars), and 3-NT (solid bars) levels in brains from mice of different age groups (1, 2, 3, 6, 9, 12, and 15 month old) were compared with the control (brains of 1-month-old wild-type mice). Results shown are mean ± SEM obtained from five (5 animals/age group) independent preparations. Significance was assessed by one-way ANOVA. ⁎P b 0.05, ⁎⁎P b 0.01. Fig. 2 . Increased protein carbonyl levels in the brains of APP/PS-1 mice: Protein carbonyl levels in brains from different age groups (1, 2, 3, 6, 9, 12, and 15 month old) mice of APP/ PS-1 (solid bars) and wild-type mice (plain bars) were compared with the control (brains of 1-month-old wild-type mice). Results shown are mean ± SEM obtained from five independent preparations (5 animals/age group). Significance was assessed by twoway ANOVA followed by Scheff's post hoc test. ⁎P b 0.05. Fig. 3 . Increased protein-bound HNE levels in the brains of APP/PS-1 mice: Proteinbound HNE levels in brains from different age groups (1, 2, 3, 6, 9, 12, and 15 month old) of APP/PS-1 (solid bars) and wild-type mice (plain bars) were compared with the control (brains of 1-month-old wild-type mice). Results shown are mean ± SEM obtained from five independent preparations (5 animals/age group). Significance was assessed by twoway ANOVA followed by Scheff's post hoc test. ⁎P b 0.01. Fig. 4 . Increased 3-NT levels in the brains of APP/PS-1 mice: 3-NT levels in brains from different age groups (1, 2, 3, 6, 9, 12, and 15 month old) of APP/PS-1 (solid bars) and wildtype mice (plain bars) were compared with the control (brains of 1-month-old wildtype mice). Results shown are mean ± SEM obtained from five independent preparations (5 animals/age group). Significance was assessed by two-way ANOVA followed by Scheff's post hoc test. ⁎P b 0.05.
Increased 3-NT levels in APP-PS-1 mice brains as a function of age
Another index of protein oxidation [15] , 3-NT is reportedly elevated in AD brain [16, 17, 28] . 3-NT levels were compared in the wild-type and APP/PS-1 mice brain as a function of age and, similar to the results from protein carbonyls, the results suggest that APP/PS1 double mutant mice brain demonstrated a basal significant increase (50%) in 3-NT levels compared to wild-type mice at 1 month of age (Fig. 4) . At each subsequent age studied, APP/PS-1 mouse brain had higher levels of 3-NT compared to controls. The percentage increases in 3-NT in the brain of APP/PS-1 mice compared to controls (1-monthold wild-type mice) were 50, 60, 100, 125, 150, and 175% at 2, 3, 6, 9, 12, and 15 months, respectively.
Discussion
Age-related impairment of the central nervous system (CNS) is associated with increased susceptibility to the development of many neurodegenerative diseases such as AD and Parkinson's disease (PD) [29] . Oxidative stress is one of the important mediators in the progressive decline of cellular function during aging [30, 31] . In the brain, free radical-mediated oxidative stress plays a critical role in the age-related decline of cellular function as a result of the oxidation of nucleic acids, lipids, and proteins, which alters their structure and function [30] [31] [32] . The brain particularly is susceptible to oxidative stress because of its high content of peroxidizable unsaturated fatty acids, high oxygen consumption per unit weight, high levels of free radical-inducing iron/ascorbate, and relatively low levels of antioxidant defense systems [30, 31, 33] .
A number of studies indicate a strong role for increase in protein oxidation as a primary cause of cellular dysfunction observed during aging as well as in age-related neurodegenerative diseases [15, 26, 31, 34] . Free radical-mediated damage to neuronal membrane components also are implicated in aging, as well as the etiology of AD [26, 35] with increased protein oxidation in the brain in AD [16, 17, 21, 22, 26, 28] . Further, our laboratory earlier showed that the total level of protein oxidation increases in the brains of old mice when compared to young [36] . On these lines, the present study was performed in wild-type as well as APP/PS-1 mice (AD-related rodent model) to investigate and compare the status of oxidative stress as a function of age (1, 2, 3, 6, 9, 12, and 15 months old mice), by measuring protein oxidation (protein carbonyls and 3-NT formation) and lipid peroxidation (HNE-adducts). Our results in the present study are in agreement with the above findings, suggesting that there is a significant increase (20, 20, 40 70, 90 , 110% at 2, 3, 6, 9, 12, and 15 months, respectively) in protein carbonyls in brains of wild-type mice (Fig. 1) as a function of age. However, there is a significant basal increased protein carbonyl level (40%) in the brains of APP/PS-1 mice compared to wild type at 1 month of age. Increased markers of lipid peroxidation, including free and protein-bound HNE and acrolein, occur in AD brain [4, 18] . Our results on protein-bound HNE and 3-NT formation are consistent with this notion, as we found a significant increase in protein-bound HNE and 3-NT levels in the brains of wild-type mice as a function of age. Additionally, there is a basal significantly increased HNE (40%) and 3-NT (50%) level in the brains of APP/PS-1 mice compared to wild type at 1-month-old mice. Also, for each age examined elevated protein oxidation (Figs. 2 and 4 ) and lipidperoxidation (Fig. 3) is observed in the APP/PS-1 mice brain compared to wild-type mice brain. The levels of protein oxidation increase with an increase in lipid peroxidation suggesting an intercorrelation for all outcome measures (protein carbonyls, proteinbound HNE, and 3-NT). There is significant interaction (Pb 0.001) between age and genotype, suggesting that the APP/PS-1 mice show a more rapid accumulation of oxidative damage compared to wild-type mice.
Insights into potential disease mechanisms of AD have been facilitated by the discovery of the genetic mutations that underlie inherited forms of early onset AD [7, 8] . Several mutations in the genes encoding the APP, PS-1, and PS-2 proteins have been shown to lead to familial AD [37, 38] . These mutations lead to the overproduction of Aβ [24] , which is followed by the extracellular deposition of Aβ in the brain [37, 38] . At present several transgenic mouse models of AD that carry APP and/or PS1 genes with mutations are used and most of these models develop progressive age-related Aβ neuropathology with amyloid plaques and elevated levels of Aβ [6, 39, 59] . Previous studies involving in vivo and in vitro experiments showed that oxidative stress increases Aβ production and that Aβ increases oxidative damage [40] [41] [42] [43] . Strain differences may also play a role in timing the onset of Aβ deposition. Earlier investigations showed that oxidative stress chronologically precedes Aβ deposition in human brain and increased levels of 8-hydroxyadenine (8OHG) in frontal cortex of familial Alzheimer's disease (FAD) with a mutation in PS-1 or AβPP gene, suggesting neuronal RNA oxidation [44, 45] . Additionally, recent studies on MCI brain showed increased levels of 8-hydroxyadenine and fapyguanine comparable to the late AD (LAD) brain, suggesting that oxidative modification of nuclear-DNA and mitochondrial-DNA occurs early in the pathogenesis of AD [46] . Taken together, these alterations could contribute to alterations in protein production that further propagate neuron dysfunction [46] . However, in our study using APP/PS-1 mice, we demonstrated that these mice exhibit a significant basal increase in oxidative stress (as early as in 1-monthold mice) compared to wild-type mice and further increase as a function of age. The observed increase in oxidative measurements with age is likely caused by the combination of mutations with age factor, which has been shown to specifically increase the production of Aβ42 [24, 47] .
Numerous lines of genetic and biochemical evidence suggest that Aβ is central to the pathogenesis of AD [2, 26, 35, 48] , and Aβ-associated oxidative stress induces damage to neurons in vitro [49] [50] [51] and in vivo [25, 26, [51] [52] [53] . Increased levels of oxidative damage have also been detected in a number of aging-related neurodegenerative diseases including AD [2] [3] [4] [5] 26, 28, 44, 45, [54] [55] [56] [57] , which may aggravate accumulation and deposition of Aβ [58] . Recent studies with this mouse show that oligomeric Aβ contributes to memory deficits [11] . The APP/PS-1 mice used in our study had elevated levels of Aβ (1-42), sufficient to cause Aβ (1-42) deposition beginning at 6 months of age [12, 59] . Our results (Figs. 2, 3 , and 4) are in agreement with the above findings, suggesting that there is a sudden elevation of protein oxidation (protein carbonyls and 3-NT) and lipid peroxidation (HNE) in brains of APP/PS-1 mice about 6 months of age and further increases exponentially up to 15 months of age. This effect may be due to the increased production of Aβ at physiological levels at 6 months onward that primes the brain of APP/PS1 mice to enhanced oxidative stress [59] . The increased production of oligomeric Aβ in 6-month-old APP/ PS-1 mice relative to brain in wild-type mice [59] is consonant with the notion that oligomeric Aβ induces oxidative damage [53] and may be related to memory loss [60] . Our finding of increased protein oxidation (Figs. 2 and 4 ) and lipid peroxidation (Fig. 3) is consistent with this notion in 6-month-old Tg2576 mice [42] , suggesting that oxidative damage contributes to AD pathogenesis before Aβ accumulation in the AD brain [24, 44, 61] .
In conclusion, this study provides further evidence that agerelated alteration in Aβ leads to elevated oxidative damage in brain. We hypothesize that a similar process occurs in AD, with oligomeric Aβ leading to oxidative damage that in turn affects memory and cognition. The APP/PS-1 mice may allow both an improved understanding of crucial relationships between these phenotypic traits and oxidative stress as a function of age leading to neurodegeneration in AD brain. Reducing oxidative damage in brain potentially can be considered a promising strategy for therapeutic intervention in AD.
